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STRUCTURE AND VARIABILITY OF EARTH'S ATMOSPHERE

*
By R. A. Minzner and P. Morgenstern
GCA Corporation, GCA Technology Division
Bedford, Massachusetts

SUMMARY

Density-altitude profiles obtained from 437 rocket soundings for
various portions of the altitude interval 30 to 200 km have been statis-
tically studied for variations associated with solar flux variations.
The soundings have been sorted into homogeneous cells of a three-
dimensional array defined by specific diurnal, seasonal and latitudinal
categories. S8ix diurnal categories are defined in terms of solar zenith
angles and earth shadow heights rather than in terms of standard or
Greenwich time. Eight seasonal categories are defined in terms astro-
nomical as well as continental climatological considerations. Six lati-
tude bands are defined in 15-degree increments with seasonal inversions
to permit combining of southern and northern latitude regions.

The quasi-homogeneous stratification of data has permitted the ex-
amination of the influence of 10.7 -cm solar flux radiation independent
of the influence of each of the three variables mentioned above. The
results of these various computations are presented as a portfolio of
92  altitude profiles of the coefficient of correlation between density
and 10.7-cm solar flux.

INTRODUCTION

This report presents the results from a program of research on
density variation in the upper atmosphere conducted for NASA Headquarters
under Contract NASW-1463. The principal motivation for this study is
the work reported by Jacchia [1]%* which indicates a strong positive cor-
relation between atmospheric density and solar activity in the region
above 200 km. On the premise that similar effects may be present at
lower altitudes, the current investigation was initiated to explore this
possibility.

The model proposed by Jacchia [2] states that atmospheric density
in the region above 200 km is a function both of the solar flux density
and of the interaction between solar flux density and the "diurnal
bulge effect of the atmosphere. Jacchia notes, however, that the "diur-
nal' bulge effect is small below 200 km and thus , it was neglected

*
Now with National Aeronautics and Space Administration, Electronics
Research Center, Cambridge, Massachusetts.

*k
Numbers in [ ] represent reference numbers.



in the current study. Also in the present work it has been assumed
that the dependence of demnsity on solar flux is a linear one although
the basic model allows for a power law dependence. This assumption
was based on the evaluations of the power law exponent made by
Jacchia [2] from satellite acceleration data which yield two cases
with a value of 1.0 and one case with a value of 0.7.

The analysis procedure used in the study consisted of calculating
the coefficient of correlation (linear) between atmospheric density
and the 10.7-cm solar flux density. The 10.7-cm solar flux density
was used rather than the 20-cm solar flux density because longer re-
cords were available for the former quantity. These correlations
were calculated for both the solar flux measured on the same day as
the density observation and for the solar flux measured on the pre-

. ceding day. The objective here was to explore the possibility of a
lag relationship between solar activity and atmospheric density vari-
ations. An attempt was made to minimize the influence of latitude,
season and time of day by stratifying the data into quasi-homogeneous
cells. This system of stratification is described in detail in subse-
quent sections of the report.

The data used for the study were obtained from reported rocket
soundings or rocket instrument releases in the height region 30 to 200
km. Thermodynamic data from approximately 437 soundings have been
collected from 17 fixed launch sites and a few shipboard launch sites.
These high-altitude data consist of profiles of one or more of three
properties: density, p; temperature, T; and pressure, p. The know-
ledge of any two of these quantitites for any time and any point in
the atmosphere permits determination of the third by means of the
equation of state.

R

where M is the mean molecular weight of air and R is the universal gas
constant.

The set of calculations described above are given in the Appendix
as a portfolio of graphs showing the coefficient of correlation versus
altitude. The curves shown in these graphs have been smoothed by a
running average extending over a 5 km height interval to remove some
of the variability due to sampling fluctuations.



MEASUREMENT TECHNIQUES

In the altitude region 30 to 200 km, atmospheric data have been
obtained primarily by vertical sounding rockets, although vertical light
probes have also been used. In many instances only one of the three basic
thermodynamic properties is determined at any time-space point. If this
property is determined over an extended altitude region at essentially the
same time, as in a near-vertical rocket-probe flight, this altitude profile
of a single property leads to altitude profiles of the other two thermo-
dynamic properties. If the basic data are for pressure versus altitude,
the temperature-versus-~height profiles may be deduced in principle from the
slope of the semi-log graph of pressure versus altitude, that is,

e 1

T(h) = R d o p@) (2)
dh

where G is a constant numerically equal to the sea-level value of the
acceleration of gravity at about 45° latitude with dimensions depending

on those of geopotential [3], and h is geopotential altitude. Thus, with

p(h) and T(h) determined, p(h) is determined from Equation (1). Actually,
the temperature determined is the mean temperature for the altitude interval
between successive pressure measurements. Unfortunately, for practical pres-
sure gauges, the temperature uncertainty becomes very large when the altitude
interval is decreased to values less than 5 km,and this method has not been
used extensively in the reduction of rocket sounding data.

If the primary data are values of density versus altitude of a specified
accuracy without an independent knowledge of temperature at the top of the
density-altitude profile, one may determine a temperature-altitude profile
for all but the upper 10 to 15 km of the altitude region of the density data
[%ﬂ. This is done using a numerical integration form of the expression

h
P1 @M fl
T, =T, o, ' Ro, p () 3)

by

where hy is the geopotential of the greatest height for which a density value
exists, i.e., p1, and hy is the geopotential associated with successive values
of densities p at successively lower heights, for which heights of the succes-
sive values of T, is determined. When hp is sufficiently below hj so that the
value Tl(pl/pz) becomes small compared with Ty for some reasonable value for Tl’
Ty is determined essentially by the integral term of Equation (3). Thus,

for altitudes of 10 to 15 km below h; down to the lowest altitude of density
data, temperature-altitude profile may be determined from density-altitude



data alone. The percentage uncertainty in Ty is comparable with the
percentage uncertainty of Py-

If the observed data consist of an altitude profile of temperature,
an additional piece of information consisting of a reference- level value
of pressure or of density is required to develop a related pressure-
altitude profile or a density-altitude profile. When this additional
piece of information is a pressure-height value, p at h , a complete
pressure-altitude profile may be determined. ° ©

If the temperature-altitude profile consists of a series of discrete

temperature-altitude values so that the segments between these successive
values may be taken as linear, the following equations may be used.

To RL
P=P | T ¥ -0 )L| ° foth_’éO (4)
) 0
and
= exp | - G & ho) for a& _ 0 (5)
P =P, &P R T, > dh

These are the equations which were employed in the calculation of various
standard and model atmospheres, Diehl [ 5 ]; Minzner and Ripley [3]; Minzner
et al. [6]; Minzner et al. [7]; U.S. Standard Atmosphere [8]. Other suit~
able series-expansion equations of the type discussed by Minzner [ 9] are
not limited to zero or nonzero values of temperature-altitude gradients,
and are far more desirable when values of L may approach zero yet are not
equal to zero.

The pressure equation of this latter type is
N B I (- h) T- T L1 T-TO'+ T- T, o)
T o OFP R (1/2)(T + T) T+ T 3\T+T, T+T

When the additional piece of information is a density-height value,
po at h,, the appropriate equations commonly used for a linearly segmented
temperature -altitude profile are:

1+ =
T RL

o _de
=P | T+ (0 - B )L » for L=(qy #0 (7)
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aM dt
3 , for &= =0 . (8)

p =p €xp |- dh

o

In the case of digital data, where dt/dh may be any realistic value,
including values near zero as well as zero, Minzner [20] has shown that the
follow1ng rapldly converglng series expan31on is very convenlent.

L S ‘.'GM(h-h,o) 1 /T - T, 1fT-T\ (/T-TN ]
o~ o =0, eXP{'[l/z_(r-To)R+l] [(T+To +§(T+To +§(T+To> "'J}(g)

Both Equations ( 6) and ( 9) are related to equations derived earlier by Nicolet

[11].

Following the use of Equations (4), (5), or (6) in conjunction with
the single pressure-altitude point, the density-altitude profile may be deter-
mined from Equation (1), or from combinations of Equation (1) and one of
Equations (7°), (8), or (9). If Equation (7)), (8), or (9) are first used
in conjunction with an initial density-altitude point, the related pressure-

altitude profile may be deduced using Equation (1) or a combination of Equation
(1), (&), (5), and (6).

In the above methods, altitude was observed along with pressure, tempera-
ture, or density. Altitude need not be one of the fundamental observations,
however; it may be inferred. A corresponding pair of values of pressure p9 and
temperature Ty at unknown altitude hy, where the altitude increment hy - hy is
small relative to some initially known reference altitude hj, leads to the
determination of the value of hy the altitude of these observations:

2 h + Eﬁ [ﬂn Py In pz] (10)

where T is the mean value of temperature between T, and Typ. Successive pairs
of values of py and T, thus lead to altitude profi%es of pressure and tempera-
ture provided the altitude of the first observation is known.

The various high-altitude rocketborne experiments measure parameters
which lead to one or the . ‘other of the thermodynamic properties, and rarely
are these measured "directly" as with a thermometer, thermocouple system, or
thermistor system for temperature determination, or as with an aneroid or
mercurial barometer in the case of pressure or by some inertial device in the
case of density. On the contrary they are all measured indirectly. Thus, for

e these observations it is meaningless to consider which is the independent and
ivywm_w‘ﬁhlch is the dependent observation. Typlcal examples of the types of
| J __upper atmosphere observation follow.




In the grenade experiment, the mean velocity of sound is determined
for a series of successive atmospheric layers. This is accomplished by
a ground-based microphone array which measures the phase velocity of the
wave system generated by each of a series of grenade bursts. These obser-
vations lead to values of mean temperatures for the altitude layers between
successive grenade bursts.

In the falling-sphere experiment, the drag acceleration ag experienced
by the falling sphere is measured, either directly by an accelerometer or
indirectly from radar tracking data. These same radar data or the results
of single and double integration of the net acceleration (gravity minus
drag) lead to velocity v and altitude h. These values of aq and v when -
combined with the appropriate value of drag coefficient cq and the area-
to-mass ratio lead to density at altitude h. While the only thermodynamic
property measured is density, this measurement can hardly be considered a
direct or independent one.

In the pitot-tube experiment, ratios of impact pressures to cone-wall
pressures or to ambient pressures are measured, sometimes with aneroid type
pressure gauges, but more likely by some form of ionization gauge which
actually measures particle number density. These pressure ratios lead to
Mach numbers as well as to ambient pressure. The Mach number along with
rocket velocity from some form of radar observation leads to sound speed
and then to temperature.

In various ionization gauges experiments, measurements lead to the
number density, mass density, or pressure depending upon calibration of
the location of the gauge on the rocket, the rocket altitude and wall-
temperature considerations.

In none of the above methods may the temperatures, densities or pres-
sures be considered directly independent observations. While some of the
measurement techniques have smaller errors than others, for various reasons,
there appears to be no other inherent advantage to having measured one or
another of the thermodynamic properties at various altitudes. With each
method, altitude profiles of p, T, and p may be obtained ultimately for each
of the individual soundings considered provided the correct initial condi-
tions are met.

The investigators involved in the various atmospheric sounding experi-
ments do not always derive all three of the thermodynamic properties p, T,
and p from their observed data, and in some instances, the methods employed
by one investigator may lead to greater uncertainties than that used by
another. The study being herein reported used only the results of those
soundings for which there existed a published set of density-altitude values,
and only these data were used regardless of what other data may also have
been published. Thus, in one sense, density-altitude data may be considered
as the independent data in this study. The related temperatures for each
sounding is used in this study were determined in all cases by a numerical
integration form of Equation (3.) and the pressures were then determined
using Equation (1).



DATA SOURCES AND PRELIMINARY STEPS

A total of 437 soundings covering the period 1947 to early 1965
were assembled for analysis. This basic data was collected from 45
different sources including journal articles, institutiomal reports
and private communications. Table.l gives an inventory of the sound-
ings showing the number available from each of 25 different launch
sites. With the exception of three flights, data published in the
reports of the Meteorological Rocket Network (MRN) [12] were not taken
as the basic source of data in this study. MRN reports do, however,
contain the same or revised forms of data for a considerable number of
soundings used by us. The originally published forms of the soundings
used had the common feature of density-altitude profiles p(Z) in one of
a number of systems of units. Temperatures or pressures were fre-
quently not published with the basic density data in the original sources,
and when published, were arrived at by a variety of methods. <Consequent-
ly, to obtain uniformity, all temperature-altitude data used in this study
were recomputed by us from the density-altitude data for each sounding
using Equation (3 ); i.e., the principle of downward integration of the
density-altitude data. The perfect integral of Equation (3-) was re-
placed by a numerical-integration procedure using a semi-logarithmic
trapezoidal rule described by Minzner and Sauermann [13]. The resul-
ting temperatures, the original densities, and the Gas Law were then
used to calculate the pressure-altitude profile. These data were com-
piled and published in a separate scientific technical report by Minzner,
Morgenstern and Mello [l4].

Checking and Editing

The calculated temperatures served as a basis for checking the
quality of the density data and for verifying the key-punching accuracy.
The computed temperatures were compared with interpolated values of the
temperatures of the U.S. Standard Atmosphere [8] and with the original-
1y published temperatures when these were available. The machine list-
ings of the resulting temperature differences were then reviewed noting
any large temperature differences or any abrupt change in differences
from one level to the next. Such situations result from abnormal in-
crements in the value of A fn p/AZ versus altitude, and suggested key-
punch errors or other difficulties in the basic data cards. The related
data cards and the basic data were then checked and corrected when neces-
sary. In at least two instances, this test indicated errors in the basic
publication from which our data had been taken. Corrections of the basic
data were made in these instances. At least six cases were found where
one investigator in each of four different reports in the same year, had
smoothed one or more extreme temperature values within a sounding with-
out smoothing the density values which generated them.
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TABLE 1

INVENTORY OF ATMOSPHERLIC DATA By SITE

SITE NAME

Ne MEXICO
ATLe Qo
HAWATI
AUSTRALITA
FLORIDA
MANITOBA
PACe Qo
FRANZ JOSs Lo
Ne MEXICO
EURe USSR

We

KWAJALEINs MARSHAL ITes P
MCMURDO SOUNDs ANTARCTICA
POINT MUGUs CALIFORNIA
SHIP As EQe PACIFIC OCEAN
SHIP B Ne ATLANTIC OCEAN
SHIP C  LANCASTER SNDe
SHIP D Ne ATLANTIC OCEAN
SHIP E Ne ATLANTIC OCEAN
SHIP F Ne ATLANTIC OCEAN
SHIP G N« ATLANTIC OCEAN
SHIP H Ne. ATLANTIC OCEAN
THULEs GREENLAND

WALLOPS ey
WHITE SANDS»
WOOMERA Se

VIRGINIA
NEw MEXICO
AUSTRALIA

Cob

AQ
Al
BS
CA
EG
FC
GM
Ml
HA
KY
Kw
MC
PM
SA
NY=]
SC
SD
Sk
Sk
56
SH
TH
wl
WS
WO

E LAT.

35eU5N
L7985
22 U5N
246825
3Ue38N
58« 73N
13e62N
BUebHZN
32 885N
4846 N
U5073N
77885
34612N
Uuel8N
620 UEN
T4e5TN
540 N
564 3N
4900 N
578 N
65«6 N
76e55N
37 83N
32e38N
31le115

LONGe

LU e4UY
OlbG el 2w
15978W
113.87E
086« 70W
V9382
144 .85E
Ub8.e13E
LUGe 1UW
U458 E
167.73E
166+ 73E
11912W
161e42w
(63 e92W
094 648w
Ub3e33w
055060
O4Bel
C4b6e7T W
058 W
068e82%
UT5e48W
LO6etabw
136.97E

NUMBER
LST HRSe OF
SOUNDINGS
GMT~07e0 26
GMT-00e0 G4
GMT=-10e0 6
GMT+0860 9
GMT—-064e0 T4
GMI1~(6.0 49
GMT+10e0 K
GMT+05e0 Z5
GMT=07e0 6
GMT+04.0 2
GMT+1260 23
GMT+11e0 20
GMT-0840 3
GMT~11e0C 1
GM =040 1
GMT-0640 1
GMT=C4e0 2
GMI—040 2
GMT~030 2
GMT-030 2
GMT-04.0 2
GMi-04e0 5
GMT-0540 59
GMT~(07e0 25
GMT+095 41



Some observed density data were shown by this test to have a very
erratic behavior, which most likely was not real but which probably
represented the uncertainty in some phase of the measurement. Where
such erratic observations resulted in density inversions; i.e., density
increasing with increasing altitude, the data were either eliminated or
smoothed in one of two ways: (1) in a selective smoothing process, in-
dividual data points were adjusted to eliminate isolated density inver-
sions, and (2) in a number of other instances where many inversions
existed within a sounding, a third order root-mean-square fit was made
of the entire sounding. Soundings containing identical densities for
two successive levels yielded impossible temperatures at the lowest of
these levels, and these cases were eliminated by selective adjustment
of density-data pairs. The pressure-altitude profiles, which in some
instances were published in the original data source, were universally
disregarded in the checking and editing procedures.

Soundings of which the data have been adjusted in one of several
ways have been given appropriate code designations in the separate data
report. In spite of the very large effort expended in editing the
density-altitude data, at least four soundings containing uncorrected
density inversions have been found since the publication of this data [l4].

Normalizing the Data to Integer Altitudes

The values of density temperature and pressure published in the
data report are given for the same altitudes cited in the basic source
of the data. In the current statistical study, however, the data for
the various soundings must all be normalized to a common set of alti-
tudes. The set chosen is the series of successive integer geometric
kilometer altitudes between the greatest and lowest altitude of the
sounding. (It has since been determined that integer geopotential
kilometer altitudes would have been preferable.) The adjustment of
the data to this common set of altitudes were performed by a series of
steps, the first of which was a semilogarithmic interpolation of the
density-altitude data. The interpolated densities then served as the
basis for a calculation of a temperature-altitude profile at the inte-
ger altitudes using the same method previously described. This tempera-
ture calculation, as in the case of that used for the data report, ac-
counted for the variation of the acceleration of gravity with latitude
of the site, as well as with altitude over the site. The temperature
calculation also effectively accounted for possible diffusive separa-
tion (or change in molecular weight of air) at high altitudes by
yielding a result which is commonly called molecular scale temperature [3].
This refinement, accounting for variations in molecular weight, is in-
significant for data below 110 or 120 km altitude, but its influence at
higher altitudes can be considerable. The molecular scale temperature
was then used in the Gas Law equation with the related density values
and with the appropriate constants to yield rigorously correct pressures
at the integer altitudes.



The corresponding values of density, temperature and pressure at
successive integer altitudes for each of 437 soundings, comprises the
set of data hereinafter designated as the interpolated data. These
data have an internal consistency and homogeneity in basic editing and
method of generation which we believe adds considerably to the validity
of the statistical results of this study. These data have not been
separately published, but exist as a set of 17,000 IBM cards. In addi-
tion to the values of the three altitude-dependent parameters, density,
temperature, and pressure, each card also contains a number of other
pieces of information which are fixed for any particular sounding. This
other information includes the following: (1) the date and time of the
sounding in Greenwich or universal time, (2) the site of the launching,
(3) the solar flux for the day preceeding and for the day of the launch-
ing, and (4) three sets of codes designating seasonal groupings, diurnal
groupings, and a latitude grouping. The Greenwich time was assigned to
each sounding on the basis of local standard time, plus or minus a time-
zone correction. The solar flux was taken from the recordings of the
10.7- cm radiation at Ottawa, Canada [15,16]. The seasonal, diurnal and
latitudinal codes were assigned in a manner described in the following
sections.
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STRATIFICATION OF THE DATA

Seasonal, Diurnal and Latitudinal Coding of the Data

The four basic types of seasonal divisions and one special seasonal
division are determined and coded. These divisions are based on various
numbers of days relative to the vernal equinox as shown in Table 2. They
include a l6-season division, an 8-season division, a 4-season division,
a 2-season division, and an extreme-season division.

Two kinds of diurnal divisions have been coded; a six-period divi-
sion and a three-period division. These are based on the following
criteria: (1) subsolar angle or zenith angle of the sun during daylight
hours, (2) local apparent noon and midnight, and (3) height of earth's
shadow during nighttime periods. These divisions are shown in Table 3
and in Figure 1.

Only one kind of latitude-belt division was coded, that shown in
Table 4. This division allows for 7 latitude belts in a single hemi-
sphere, each belt being 15 degrees wide with the exception of the tropi-
cal and polar belts which are only 7.5 degrees in one hemisphere. Data
from a particular latitude belt in the southern hemisphere are combined
with data in the corresponding latitude belt in the northern hemisphere
after the southern hemisphere data have had a 183-day phase shift ap-
plied prior to the seasonal designation. A second type of latitude-belt
division was considered. In this one, adjacent pairs of those belts des-
ignated in Table 4 would have been combined. Thus belts O plus 1, 2 plus
3, and 4 plus 5 form three wider belts. No coding was developed speci-
fically for this division, although some initial calculations were made
on the basis of such a division.

Four-Season Stratification of the Data

The four types of seasonal divisions, two types of diurnal divi-
sions and two types of latitudinal division lead to 16 possible types
of stratifications of the data in regard to the three variables;
season, diurnal period, and latitude band. The system of codes greatly
facilitated the process of trying various combinations of divisions and
of sorting the data into homogeneous stratifications. Several different
sortings were made to study the variation of sample size for different
degrees of space and time resolution. For the number of soundings avail~-
able (437) the maximum usable resolution of the three variables was
judged after several trials to be four seasons, three diurnal periods.
(daytime, nighttime and diurnal transition), and six latitude belts.
This leads to 72 possible basic cells. The distribution of maximum
sample size (maximum number of soundings per cell) for such resolution
is shown in Figure 2.

11



TABLE 2

DEFINING CONDITIONS OF SEASONAL CODING FOR NOM=LEAP YEARS

DATE

APK
mAY
faAY

JUN

uCT

OV

MOV

DEC
JAN
FEB

FEd

AR

APR

12

Bo26

21

13

Jb

24

21

14

Uo

26

12

o4

26

2l

DAY
OF

YEAR SEASOH

57

57
&0

103

DAYS SIXTEEMN EIGHT-~

IN

23

N N
i (&

P
[€N]

SEASON
cobt

SEASORN
CODE

FOUR Ty
SEASON  SEASOH
CODE CONE

S
P
R
i1 o e
e
6]
S
oo e L
S M
U 8
M -
o2 o2
E
R i
A
v 3 o L
A =
U
T
U a o s o
M
i
1
rm oo oon I
W 9
1 T
i E
T 4 (S |
E
R H
LB
it L
F

EXTREME =
SEASON

T CoONg

S
i) 8
e
£



TABLE 2 CONTINUED

FOR SOUTHERN=-HEMISPHERE SITES THE SEASONS ARE INVERTED BY SUB~-
TRACTING 183 FROM THE NUMBER OF THE DAY OF THE YEAR WHEN THAT NUMBER
IS EQUAL TO OR GREATER THAN 183, OR BY ADDING 183 WHEN THAT NUMBER
IS LESS THAN. 183,

FOR LEAP YEARS, ONE DAY IS ADDED TO THE DAY OF THE YEAR FOR MONTHS
MARCH THROUGH DECEMBER, CORRESPONDINGLY NO CORRECTION IS MADE FOR
THE ACCUMULATED QUARTER=-DAY ERRORS IN SUCCESSIVE MEMBERS OF THE
REMAINDER OF THE FOUR YEAR CYCLE» IN SO FAR AS THE SEASONAL DIVISION
IS CONCERNED,

ABBREVIATIONS LEGEND
SUX = SUMMER EXTREME
WIX = WINTER EXTREME

13



TABLE 3

DIURNAL CODING
AS RELATED TO RANGES OF
I.OCAL APPARENT TIME, SUBSOLAR ANGLE, AND SHADOW HEIGHT

DIURNAL CLASSES

SHADOW SUBSOLAR LOCAL 6-PERTOD 3-PERIOD
HEIGHT ANGLE APPARENT 6=-CLLASS 3=CLASS
TIME CODE CODE
> 300 KM >60 DEG  wewewscmmmen  coecas—.. 2 NIGHTTIME
6
<12.00 HRS 1 0 TRANSITION
2
<300 KM < 60 DEG  =wemewecoen  cxoomo. 1 DAYTIME
3
> 12,00 HRS 4 0 TRANSITION
5
> 300 KM >60 DEG  —=memmeeme cee—esea—— 2 NIGHTTIME

i

MIDNIGHT IS NEVER DESIGNATED AS 24,00 HOURS OF THE
JUST~ENDING DAY, RATHER IT IS DESIGNATED AS 00,00
HOURS OF THE JUST-BEGINNING DAY,

14



RANGE OF LATITUDRE
INCREMENTS

DEGREES

0,00
0.00

+7.51
=751

~22.51
+22,51

+37.51
=37.51
+52.51
"’52&31
+67.51
”"67051
+82.51
82451

TO
T0

70
T0

T0
T0

TO
70

T0
TO

T0
T0

T0
T0O

+07.50
"‘“07950

+22.50
~22,50
~37.50
+37.50

+52.50
=52.50

+67,50
'”67»50

+82.50
=82.50

+90,00
=90.00

TABLE 4

LATITUDE CODING

LATITUDE NAME OF BAND

CODE

[ACIAY Landl

Fr G

ur Ut

oo

OF LATITUDE

EQUITORIAL
EQUITORIAL

TROPICAL
TROPICAL

SUBTROPICAL
SUBTROPICAL

MIDLATITUDE
MIDLATITUDE

SUBARCTIC
SUBARCTIC

ARCTIC
ARCTIC

POLAR
POLAR

SITES INCLUDED

SA

BS» GMs KW
Al

CAvWO
AQsEGrHAPM» WS

KY?»SFeWI

FCySBySD»SE2SG»SH

HI+SC»TH
MS

LATITUDES IN THE NORTHERN HEMISPHERE ARE DESIGNATED POSITIVE
LATITUDES IN THE SOUTHERN HEMISPHERE ARE DESIGNATED NEGATIVE,
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DEFINITIONS OF SYMBOLS AS USED IN THE COMPUTER CODING PROGRAM

Figure 1.
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sub-solar angle

local apparent time

height of the earth's shadow
morning~transition period
early-day period

late-day period
evening-transition period
early-night period
late-night period

Definitions of symbols as used in the computer
coding program,



A T A A T A
Y E N TOTAL Y E N TOTAL
SPRING - - 1 1 SPRING |13 3 5 21
SUMMER - - - - SUMMER 8 10 2 20
AUTUMN - - - - AUTUMN 4 19 6 29
WINTER - - - - WINTER 6 1 3 10
TOTAL - - 1 TOTAL |31 33 16
EQUITORIALs BELT U TROPICALs BELT
T
R R
A T A A T A
Y £ N TOTAL Y E N TOTAL
SPRING | 17 6 22 45 SPRING 2 2 10 14
SUMMER | 12 15 14 41 SUMMER 5 3 13 21
AUTUMN 9 37 29 75 AUTUMN 1 3 9 13
WINTER | 13 2 8 23 WINTER - 7 8 15
TOTAL | 51 60U 73 TOTAL 8 15 40
SUBTROPICALs BELT 2 MIDLATITUDEs BELT 3
T
R R
A T A A T A
Y E N TOTAL Y E N TOTAL
SPRING 1 - 6 7 SPRING 1 - 11 12
SUMMER 8 - 8 16 SUMMER 30 - 14 17
AUTUMN - 2 14 16 AUTUMN - 1 7 8
WINTER - 9 10U 19 WINTER - 6 8 14
TOTAL 9 11 38 TOTAL 4 7 40
SUBARCTICs BELT ARCTIC, BELT 5
FIGURE 2+ DISTRIBUTION OF SOUNDINGS INTO A THREE~DIMENSIONAL
ARRAY OF CELLS DISTINGUISHING THREE DIURNAL PERIODSs FOUR
SEASONSs AND SIX LATITUDE OBELTSs WHEN THE INDICATED LAYERS

ARE STACKED NORMAL TO THE PLANE OF THE PAPER IN ASCENDING
ORDER OF BELT NUMBER
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Figure 2 represents a partial disection of a six-layer, three-
dimensional array of cells in which each layer is shown as a separate
part of the figure. Each layer is associated with a particular lati-
tude belt and represents a two-dimensional array of 12 cells stemming
from four seasonal units and three diurnal-period units.

A comparison of statistical results associated with any horizontal
row of three cells (left to right in the plane of the paper) should in-
dicate any influence of diurnal variability within a particular season
and latitude belt. A comparison of results associated with any column
of three cells, top to bottom in the plane of the paper should indicate
any influence of seasonal variability within a particular diurnal period
and latitude belt. A comparison of results associated with any column
of six cells normal to the plane of the paper in the three-dimensional
view (i.e., cells of corresponding season and diurnal period, one from
each of the six latitude belts) should indicate any influence of lati-
tudinal variability within a particular season or diurnal period.

The numbers within the 72 different cells represent the numbers of
soundings (from our data set) which are associated with the particular
cells, The most populous latitude belt is the subtropical belt with
184 soundings. This number accounts for over 40 percent of the total
sample., The remainder of the data are distributed somewhat uniformly
across the other latitude belts, with the exception of the equitorial
belt for which there is but a single sounding in our sample.

Little reliance could be placed upon any atmospheric variability
between latitude bands 0 and 1 which might be demonstrated by the data
of the single sounding in belt O when compared with the data of the
80 soundings in belt 1. Consequently, for this study; the data from
the single belt-0 sounding were combined with the data in the corres-
ponding cell of latitude belt 1, thereby eliminating latitude belt O,
and reducing the number of basic cells under consideration to 60.
(Therefore all subsequent discussion of Figure 2 will refer to only
latitude belts 1 through 5.)

The four totals in the right-hand column of each of the two~
dimensional arrays of cells in Figure 2 represent the sums of soundings
in each of the associated four seasons disregarding diurnal periods.
Each of these sums is associated with what we call a compressed cell,
wherein the number of soundings is increased at the expense of losing
the opportunity of discerning the influence of one of the variables, in
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this instance the diurnal period. The stacked three-dimensional array
of cells of Figure 2, when viewed from the right, shows a set of 20
first-compression cells in the latitude-~season plane as presented in
Figure 3. A comparison of statistical results associated with any hori-
zontal row of 4 cells in Figure 3 should indicate any influence of
seasonal variability within a given latitude belt, provided it is not
masked by the unresolved diurnal variability. Similarly, a comparison
of results associated with any vertical column should indicate any in-
fluence of a latitudinal wvariability within a given season, without re-
gard to diurnal period.

The three totals in the bottom row of each of the five latitude
sections in Figure 2 represent the sums of the number of soundings in
the four seasons for any one diurnal period. These numbers are associ-
ated with a set of 15 first-compression cells within which the number
of soundings is increased at the expense of losing the seasonal resolu-
tion. As viewed from the front of the stacked array of Figure 2, this
set of first-compression cells lies in the plane defined by latitude
and diurnal periods as shown in Figure 4. A comparison of statistical
results associated with any horizontal row of these cells permits the
examination of diurnal variability at a fixed latitude, without regard
for season. Similarly, a comparison of results of any vertical column
of these cells permits the examination of latitudinal variability for a
fixed diurnal period, provided that the unresolved seasonal variability
does not obscure the results.

The first four totals in the bottom row of the array of Figure 3
represent the totals of the corresponding columns. Each of these
numbers is associated with one member of a set of four second-compression
cells within which neither diurnal period nor latitude belt is resolved.
These cells constitute a one-dimensional array in which only the season
is resolved. The first five totals in the right-hand column of the array
of Figure 3 are each associated with a corresponding member of a set of
five second-compression cells. 1In this instance, neither the four sea-
sons nor the three-diurnal periods are resolved. Hence, these five cells
constitute a one-dimensional array in which latitude belt is the only
resolved variable.

Similarly, the three totals in the bottom row of the array of
Figure 4 are each associated with corresponding members of a set of three
second-compression cells. 1In this instance, however, it is the four sea-
sons and six latitude belts which are not resolved. Thus, these cells
constitute a one-dimensional array in which only diurnal period is re-
solved.

The number on the lower right-hand corner of the array of Figure 3
is the identical sum of the corresponding column and row. This number is
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I U U p
N T M R
T U M I
E M E N
R N R G TOTAL
ARCTICS BELT 5 14 8 17 12 51
SUBARCTICs  BELT & 19 16 16 7 58
MIDLATITUDEs BELT 3 15 13 21 14 63
SUBTROPICAL», BELT 2 23 715 41 45 | 184
TROPICAL s BELT 1 v 29 20 22 81
TOTAL 81 141 115 1uo | 437

FIGURE 3e DISTRIBUTION OF SOUNDINGS INTO FOUR DISTINCT SETS OF
CELLS s== ONE FIRST=-COMPRESSION SETs TwWO DIFFERENT SECOND-
COMPRESSION SETSs AND ONE THIRD=~COMPRESSION SETs-— WHERE THE
FOUR SETS OF CELLS DISTINGUISH RESPECTIVELY THE FOLLOWING
SEASONAL AND LATITUDINAL DIVISIONSs FOUR SEASONAL PERIODS AND
FIVE LATITUDE BELTS».~ FOUR SEASONAL PERIODS ONLY,~ FIVE
LATITUDE BELTS ONLY.= AND NEITHER SEASONAL PERIOCDS NOR
LATITUDE BELTS
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1 R

b G A

A r N
Y 7T S
ARCTIC» BELT 5 4 7 50U
SUBARCTICS BELT 4 9 11 38
MIDLATITUDEs BELT 3 8 15 40
SUBTROPICAL,s BELT 2 51 60 73
TROPICAL s BELT 1 31 23 17
TOTAL lu3z 126 208

FIGURE 4« DISTRIBUTION OF SOUNDINGS INTO TWO DISTINCT SETS
OF CELLS»s—— ONE FIRST-COMPRESSION SETs AND ONE SECOND-
COMPRESSION SETs=— WHERE ThE TwO SETS OF CELLS DISTIN-
GUISH RESPECTIVELY THE FOLLOWING DIURNAL AND LATITUDINAL
DIVISIONSe. THREE DIURNAL PERIGDS AND FIVE LATITUDE
BELTSs— AND THREE DIURNAL PERIODS ONLY
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associated with a single third-compression cell in which none of the
three variables, season, diurnal period, or latitude belt is resolved.
The number in this cell is, of course, the size of the total sample.

The total number of cells defined in the four-season classifications de-
scribed above is 108.

Extreme-Season Stratification

In addition to the four-season classification scheme shown in
Figures 2, 3, and 4, the data were also stratified according to a_ two
extreme-season classification. One of these extreme seasons consists of
a summer extreme which is half the length of the previously defined sum-
mer season, and covers the 46-day period following the summer solstice.
The second extreme season consists of a winter extreme which covers the
46-day period following the winter solstice. These two subsets were de-
signed to aid in the detection of extremes of any statistical model
which depends upon the annual heating and cooling cycle.

As in the four-season classification, the sounding data in the
summer-extreme and winter-extreme classes were further stratified into
three times-of-day periods, and five latitude belts. This stratifica-
tion leads to 30 basic cells for which the sample sizes are shown in
the basic portions of the five layers of the three-dimensional array in
Figure 5. Each horizontal row of these basic cells was compressed across
diurnal periods yielding first-compression cells with numbers of sound-
ings shown in the columns entitled total in each section of Figure 5.
These ten, first-compression, extreme-season cells are shown grouped in
the season-latitude plane in Figure 6. Here the results of a second
compression, this one across latitude belts, is shown as two cells with
sounding numbers given in the totals of Figure 6. Figure 6 bears the
same relationship to Figure 5 as Figure 3 bears to Figure 2.

No second-eompression, extreme-season cells were obtained by com-
pressing across seasons. This is because the annual mean value so ob-
tained would not be as valid as one obtained from the four, quarter-
year periods. There is, therefore, no extreme-season, second-compression
diagram comparable to the basic second-compression diagram of Figure 4.
There are also no corresponding data cells for analysis.

In the extreme-season category, a total of 12 compressed cells and
30 basic cells yield a sum of 42 extreme-season cells. These cells added
to the 60 basic cells and the 48 compressed cells in the four-season
category yield a total of 90 basic cells and 60 compressed cells or a
grand total of 150 defined data cells.

Sample-Size Distribution Within the Data Cells

A review of the 150 possible data cells shows that a wide range of
sample size exists particularly in the 90 basic cells; i.e., 0 to 37
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I R
D G A
A H N
Y T S TOTAL
SUMMER
EXTREME - 3 2 5
WINTER
EXTREME 1 1 1 3

TROPICALs BELT 1

N T N T
I R I R
D G A D G A
A H N A H N
Y T S TOTAL Y T S TOTAL
SUMMER SUMMER
EXTREME 16 EXTREME 2 8
WINTER WINTER
EXTREME 9 EXTREME 1 3
SUBTROPICALs BELT 2 MIDLATITUDEs oELT 3
N T N T
I R I R
D G A D G A
A H N A H N
Y T S TOTAL Y T 5 TOTAL
SUMMER SUMMER
EXTREME 5 - 3 8 EXTREME 3 - 5 8
WINTER WINTER
EXTREME - 2 6 8 EXTREME - - 4 4
SUBARCTICs BELT 4 . ARCTICs BELT 5

FIGURE 5e¢ DISTRIBUTION OF SOUNDINGS INTO A THREE-DIMENSIONAL
ARRAY OF CELLS DISTINGUISHING THREE DIURNAL PERIODSs TwO
EXTREME~SEASON PERIODSs AND FIVE LATITUDE BELTSs WHEN THE
INDICATED LAYERS ARE STACKED NORMAL TO THE PLANE OF THE
PAPER IN ASCENDING ORDER OF THE BELT NUMBER
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FIGURE 6

24
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ARCTIC, BELT 4 8
SUBARCTIC, BELT 8 8
MIDLATITUDESs BELT 3 8
SUBTROPICAL s BELT g 16
TROPICAL » BELT 3 5
TOTAL 23 33

DISTRIBUTION OF SOUNDINGS INTO TwO DISTINCT SETS
OF CELLSs—~ ONE FIRST-COMPRESSION SETs
COMPRESSION SETs—— WHERE THE TwO SETS OF CELLS DISTIN-
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AND ONE SECOND-
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soundings. Sixteen basic cells contain no soundings from our sample,

14 contain soundings such that there .is one and only one data point at
any altitude, while 10 additional cells contain soundings such that the
greatest concentration of data points at any particular altitude is two.
Since our programs made statistical analyses only for sample sizes of

3 or more, no computations were made for 40 of the basic cells. Hence,
results exist for only 110 data cells.

There are at least four general factors which contribute to the
disproportionate distribution of the sample sizej these factors involve
geographical, sociological, psychological and astronomical considera-
tions. Of these, only the latter can be specifically defined, but some
subjective comments appear to be applicable to the others. The more re-
mote areas, and hence the subarctic and arctic belts, have fewer sound-

- ings merely because of the logistical problems involved. The first half
of the winter-extreme period between December 21 and mid-January have
very few soundings in any latitude belt largely because of the holidays.
Arctic and subarctic regions are most uncomfortable during the winter,
and field parties tend to avoid discomfort by avoiding extreme conditions.
These reasons are largely responsible for the fact that only 37 percent
of all extreme-season soundings occurred during the winter-extreme period.

In retrospect it is apparent that defined astronomical conditions for
day and night divisions in our study are responsible for a large amount of
the disproportionate distribution of sample size, particularly in latitude
belts 4 and 5, although these reasons also apply to a lesser degree to lati-
tude belt 3. Our definition of daytime required the local elevation angle
of the sun to be greater than 30 degrees. It may be demonstrated, there-
fore, that no winter or winter-extreme daytime conditions are possible in
latitude belts 4 and 5 and that only a few hours of such daytime condi-
tions exist in latitude belt 3. In particular, on the day of the winter
solstice no such daytime conditions exist at latitudes greater than
36.56° and even at the summer solstice, the northern boundary of the arc-
tic belt is just within the latitude which satisfies the condition. Simi-
larly, autumn daytime conditions are almost non-existent in the arctic
belt with the total number of daytime hours per autumn season gradually
increasing as the latitude decreases.

Our definition of nighttime required an earth's shadow height of
300 km. It may be shown that this condition is met at local midnight
when the sum of the latitude and the declination angle is equal to or
less than 71.43 degrees (atmospheric refraction being considered).
Taking the value of the sun's declination angle for those dates which
serve as boundaries to the several seasons as defined by us, one may
readily estimate the periods when no nighttime conditions exists at the
various latitudes. One sees that there is no summer night in the arctic
and almost none in the subarctic. Even at the more northerly portions of
latitude belt 3, summer nighttime as defined by us does not exist for some
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days around the summer solstice. Spring and autumn nighttimes are severly
curtailed in the arctic and partly curtailed in the subarctic and mid-lati-
tudes by our definition.

High~Resolution Stratifications

A fiper resolution of the three variables, season, diurnal period
and latitude was also considered during the early part of this study. This
resolution involved eight seasons, six diurnal periods and five latitude
bands. It leads consequently to a total of 240 basic cells without consi-
dering any compression cells. The basic three-dimensional array of cells
for this resolution, with the number of sounding of our basic data in each
cell is given in Figure 7. The many cells in such an array which have
fewer than three soundings make it obvious that our basic data set is too
small for such resolution.

Special Stratifications

In addition to the uniform sequence of data stratifications described
above, several special data groupings were used.. The objective here was
to obtain increased sample sizes by selectively grouping some of the higher
resolution cells. The three special stratifications were:

(1) Division of the annual cycle into winter half and summer half
seasons (see Table 2)., This grouping was made only for the data in the
tropical and arctic latitude belts.

(2) All data frog the subtropical and mid-latitude belts were com-
bined into a single 30 latitude belt class.
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DIURNAL PERIODS

DIURNAL PERIODS

1 2 3 4 5 6 TOTAL 1 2 3 4 5 6 TOTAL
0 1 1 0 5 1 3 9
S 1 S 1 8 2 3 2|15
E 2 E 2 5 5
A3 A3}l 3 2 1 7
S 4 S 4 4 2 1 9122
0 5 o 5 2 1 3
N 6 "N 613 1 3 7
S 7 S 712 8 2 12
TOTAL 1 1 TOTAL |6 1 30 10 15 18 | 80
EQUATORIALs BELT O TROPICAL s BELT 1
DIURNAL PERIODS DIURNAL PERIODS
, 1 2 3 4 5 6 TOTAL 1 2 3 4 5 6 TOTAL
cl] 4« 2 11 12 3 3] 35 o] 1 1 1 2 1 6
$11 3 2 2 4 6 1118 S 111 4 8 1 14
E 216 4 4 1 4 4123 £ 2] 1 1 3 2 7
A3l 1l 2 5 12 19 31|42 A3 1 1 2
S 41 4 2 12 8 7133 S 411 1 7 1 1 11
0 5] 1 3 4 1 9 O 5] 3 2 1 6
N 6 4 6 3 1 14 N 61 2 6 9
S 713 1 3 3 10 S 71 2 5 1 8
TOTAL |22 17 34 51 42 18 |184 TOTAL |10 2 6 30 12 3 63
SUBTROPICALs BELT 2 MIDLATITUDE, BELT 3
DIURNAL PERIODS DIURNAL PERIODS
1 2 3 4 5 6 TOTAL 1 2 3 4 5 6 TOTAL
0 1 1 12 1 3
51 S 1)1 2 2 5
k211 1 7 7 16 E 214 1 7 12
A3 1 1 A 311 1
S 415 8§ 1 1115 S 444 2 1 7
05 1 2 1 4 05 3 1 3 7
N 6 9 4 2115 N 612 3 2 K
S 7 1 5 6 S 713 6 9
TOTAL {6 2 7 32 7 4] 58 TOTAL 117 4 23 2 5 ]51
SUBARCTICs BELT 4 ARCTICs BELT 5

FIGURE 7

PERIODS,

DISTRIBUTION OF SOUNDINGS ACCORDING TO SIX DIURNAL

EIGHT SEASONS»

AND 51X LATITULE

BELTS
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COMPUTATION PROCEDURES

The coefficient of correlation (linear) between atmospheric density
() and 10,7 -cm solar flux (SF) may be stated as

rlo,sF) = 22le S an

where

cov {p, SF} is the covariance between p and SF
g{p} is the standard deviation of p
o{SF} is the standard deviation of SF.

For computation purposes, it is more convenient, however, to express
Equation (11) in the form

nxp * SF - Yo 2SF
VIn = 02 - (50)2] [n = SF2 - (25F)2]

r{p, SF} = (12)

where n is the sample size and the summations extend over all n. Either
of these forms may be more properly referred to as the product-moment co-
efficient of correlation,

The computation procedure used to develop the graphs in Appendix A
consisted of calculating the vertical profile of the coefficient of cor-
relation for each of the data stratifications discussed in the previous
sections. More specifically, for a given stratification cell the sample
data at each altitude was used to calculate r{p, SF} by means of Equa-
tion (12). Furthermore, the calculations were conducted for both the
value of 10.7-cm solar flux recorded on the day of the density sounding
and for the solar flux value observed on the preceding day. The com-
puter program developed for the IBM 1620 data processing system to per-
form these calcualtions is listed in Appendix B. This program uses the
instruction set from the 1620 PDQ FORTRAN code. A second computer pro-
gram was written for the IBM 1620 AUTOPLOTTER system to machine plot the
results of these calculations on an IBM 870 document writing system,

Because of scattering due to sampling fluctuations, the individual
correlations calculated by Equation (12) were smoothed across altitude
as part of the plotting operation. The particular smoothing operator
used was

r,=ar, + (1 ~ o) T (13)
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where r; is the unsmoothed value of the correlation coefficient at
height h, ?h is the smoothed correlation coefficient at height h, ¥£_1
is the smoothed value at a unit height interval below h, and ¢ is the
smoothing coefficient. The process defined by Equation (13) is called
exponential smoothing [17] since maximum weight is assigned to the
value at height (h) with the weights at other altitudes decreasing ex-
ponentially as a function of the separation distance. The response of
this smoothing operator to changes in the profile is governed by the
value of & selected. In the current application, maximum response was
desired so that small scale changes in the profile would be retained.
Accordingly, a value of @ = 0.5 was used which is equivalent, in terms
of the average height, to a three-point moving average. The graphs
given in Appendix A represent a plot of these smoothed values as a
function of height.
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SIGNIFICANCE OF THE CORRELATION PROFILES

As noted earlier, Jacchia [18-22] has shown that the 10.7-cm solar
flux and the density in the atmosphere above 200 km have a high degree
of correlation., This is a positive correlation so that at times of high
solar flux the atmospheric density is also high, while at times of low
solar flux, the atmospheric density above 200 km is relatively lower.
This 10,7-cm solar flux is undoubtedly not the radiation which is di-
rectly responsible for the variation in density. Rather, it is hypothe-
sized that this radiation is most probably an indicator of some other
radiation which does influence the atmosphere; i.e., radiation which is
absorbed by some thin layer of the atmosphere below 200 km in greater or
lesser amounts as the 10.7-cm flux increasés or decreases. An alterna-
tive hypothesis is that there may be a variation of mass influx into
the upper atmosphere of gaseous material directly related to variations
in solar activity; i.e., directly related to variations in the 10.7-cm
flux which causes the atmospheric density at altitudes of 300 to 500 km
to vary accordingly. If the former hypothesis is correct, we should
find at least one region of negative correlation below 200 km. If the
latter hypothesis alone is correct there should be no correlation between
o and solar flux below 200 km.

If a related radiation is the primary cause of the correlation,
this radiation must be absorbed in some lower layer of the atmosphere,
such that the atmosphere there is heated in a proportionate amount with
an accompanying inverse relationship in the value of the local density,
and a directly related variation in density at higher altitudes. For
example, a high value of 10.7-cm flux implies increased radiation which
in turn produces a high local value of temperature in the layer in which
it was absorbed. This results in a decreased local density, a lifting
of the atmosphere above this layer and correspondingly higher densities
at altitudes above the absorbing layer., Thus, if there is but a single
layer absorbing significant amounts of radiation, a negative correlation
between solar flux and density should be observed at the altitude of
this layer. At greater altitudes, a positive correlation should be ob-
served,

It is well known that in the regions between 100 and 150 km, a con-
siderable amount of radiation absorption does occur. If this radiation
primarily in the Shumann-Runge continuum {at wavelengths shorter than
17602) is associated with the variability of the solar flux, then it is
reasonable to believe that density changes occur in this region in such
a way that they are negatively correlated with solar flux. The corres-
ponding lifting and falling of the atmosphere above this absorption
layer would then be influenced in the opposite way to give positive cor-
relations.
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A similar situation might be expected to exist in the upper regions
of the ozone layer extending from about 60 km down to 20 km or below.
While the maximum ozone concentration occurs perhaps as low as 25 to 27 km,
the ultraviolet radiation from the Herzberg continuum (for wavelengths of
24208 and shorter) is nearly entirely absorbed by the very small concen-
tration of ozone in the upper regions of this layer, namely from about 60
km down to 45 km, If the Herzberg-continuum portion of the ultraviolet
spectrum is keyed to the 10,7-cm radiation, then we might expect to find
an increase of heating in the top of the ultraviolet layer with increases
in the 10.7-cm flux and correspondingly decreases in heating during periods
of low solar flux. If this situation exists, then we would expect to find
negative correlations between solar flux and atmospheric density in these
regions (45 to 60 km) with a corresponding region of positive correlation
some kilometers above, say, in the 70 to 90 km region.

If the 10.7-cm flux is keyed to the visible or infrared portion of
the solar spectrum, then we might expect to find an increase of local
heating at the surface of the earth and in the lower boundary layers of
the atmosphere with a resultant negative correlation near the surface and
again more positive correlations at some agltitudes above this level.

Thus it appears that there may be as many as three layers: 140-km
layer, the 50~km layer, and the surface layer, each of which might con-
ceivably be influenced by variations in radiation associated with varia-
tion in the 10.7-cm flux. For each of these three layers, we would ex-
pect to find a degree of negative correlation, whereas the regions in
between would tend towards positive correlations. In each instance, how-
ever, the influence of the lifting of the atmosphere from the lowest layer
would tend to confuse the simple picture and would be added onto the in-
fluences of radiation absorption in the successively higher layers. Only
in the regions above the highest region of significant energy absorption
that is above the 120-km layer, would one expect to find a consistent
positive correlation.

Interpretation of the profiles given in Appendix A to evaluate the
extent to which they tend to support this theory requires establishing
the statistical significance of the calculated correlation values. 1In
the absence of a priori knowledge for the population correlation coef-
ficient, we may test the null hypothesis of no significant difference
from a population correlation of zero. Any significant departure from
this hypothesis may be indicative of a relation between solar flux and
atmospheric density.

The exact distribution of the correlation coefficient for small
samples originally derived by R. A. Fisher has been tabulated by David [23].
Based on these tables an empirical function was derived to aid in calcu-
lating fiducial limits for the correlation coefficient as a function of
sample size. For the 5 percent and 95 percent confidence belt to test
significance of the sample correlation coefficient with an assumed popu-
lation of zero, these limits are given by
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R = + 1.89 (0339

where R is taken as the upper or lower limit depending upon the sign
and n is the sample size. This function, then, was used to interpret
the significance of the correlation coefficient profiles.

The procedure consisted of testing the significance of the calcu-
lated value for the correlation coefficient (unsmoothed) at each l-km
altitude interval of the profile. The test was, however, limited to
correlations obtained from data consisting of more than three sample
points, If the calculated value of the correlation coefficient ex-
ceeded the confidence limit value, then the null hypothesis of no sig-
nificant difference from a population correlation of zero must be re-
jected., All altitudes for which the null hypothesis was rejected were
noted and tabulated.

Examination of the results from this analysis tend to give some
preliminary support to the proposed model for the effects of solar flux
anomalies on atmospheric density variations below 200 km, This result
is most clearly evident from analysis of the combined hemispherical data
shown in Figure 8. The bars in this graph show the height intervals
over which the correlation coefficient was found to be significantly
different from zero (either positive or negative). Figure 8(A) for
example, illustrates that when all data from the study are grouped in-
to a single profile; i.e., seasonal mean diurnal mean, and hemis--
pherical mean, the correlation is negative at lower altitudes (40~83 km)
and positive at higher altitudes (93-104 km). The exact boundary over
which these intervals apply is somewhat arbitrary since they are de-
termined by the confidence levels used in the statistical test, However,
even when 1 percent confidence limits are applied to this profile, the
key result of a significant negative correlation centered at approxi-
mately 60 km and a significant positive correlation centered at 100 km
remains clearly evident.

A more detailed analysis showing the seasonal variation is shown
in Figure 8(B). Both the spring, autumn and winter seasons show the
characteristic low altitude negative correlations and higher altitude
positive correlations. The summer season, though, presents an anomaly
to this pattern by indicating positive correlation at all altitudes.
Figure 8(C) shows the difference is observed even when the finer resolu-
tion summer and winter extreme season results are compared.

The diurnal variation is shown in Figure 8(D) of this graph. In
this case both the nighttime and diurnal transition periods indicate
negative correlations at lower altitudes with positive correlations at
higher altitudes. The daytime cases, however, show only a positive
correlation of density with solar flux. '
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All of the graphs in Figure 8 show the variation for a given single
stratification while averaging over the other factors. A further analysis
was conducted on a more homogeneous set of data in an attempt to minimize
any interaction effects of latitude, season, and time of day. Significant
results were obtained here in only a limited number of cases because of
the small sample sizes available when the data are highly stratified.

From the cases which did yield significant results, the data indicated
that season was the stronger factor in determining whether the correla-
tion was positive or negative than was the time of day. No similar evalu-
ation was possible as to the relative influence of latitude on this result.

Finally, a review of the difference in the correlations between those
for the solar flux of current day and those for the solar flux from the
preceding day shows in general that the profiles are very similar. Only
in a single case do the two profiles show a significantly different re-
sult (see Figure 24 in Appendix A). In this instance, the two profiles =
are similar up to about 100 km but above this height they diverge. Be-
cause the sample size in this upper region is very small, the reliability
of this particular result is extremely limited. Hence, no important lag
relationship has been observed by the current set of calculations.

34



VARIABILITY OF ATMOSPHERIC DENSITY

The density data accumulated for study of its relation to solar
flux also served as the basis for a separate investigation of the lati-
tudinal, seasonal, and diurnal variability of atmospheric density alone.
By means of the division of the data into the cells of various resolu-
tions, the correlation studies were performed in such a manner so as to
eliminate the effects of latitude, season, and time of day. The studies
of the variation of density with latitude, season, and time of day, how-
ever, had no provisions for normalizing the solar flux influences. The
variations of demsity at each altitude with variations of latitude, sea-
son, and time of day, were determined by comparing the differences between
average values of density for a particular altitude in each of the various
cells with a common reference density value for that altitude.

The reference values used consisted of the hemispheric, seasonal mean,
diurnal mean, density-altitude profile calculated from the 437 soundings
making up the data set. This will henceforth be called the hemispheric
mean. This hemispheric mean density-altitude profile is compared with the
1962 U.S. Standard Atmosphere [8)] in Figure 9. The several considerable
departures of the calculated hemispheric mean density-altitude profile
from the U.S., Standard Atmosphere suggest that the U.S. Standard Atmosphere
is not a good mean atmosphere particularly near 95 km where the density of
the hemispheric mean atmosphere is 26 percent greater than that of the
U. S. Standard.

The percentage of deviation from the hemispheric mean of the mean
density-altitude profiles for each member of two selected sets of cells
was calculated and plotted.

The first of these sets consisted of the summer diurnal mean, and
the winter diurnal mean cells for each of five latitude bands. The second
of these sets consisted of the annual mean day and annual mean night cells
for each of five latitude bands. The graphs for each of the two sets of
cells are presented as composites in Figures 10 and 11.

The winter to summer variations for the various latitudes are shown
in the first of these figures. While the percentage of departures were
not calculated for altitudes below 30 km, the slope of the winter and
summer arctic graphs strongly suggest the existence of the first isopycnic
layer perhaps near 10-km altitude. The second isopycnic layer [24] near
90 km is dramatically evident in the case of the subarctic and mid-latitude
pairs of curves with distinct crossings occurring at 87 and 90 km respec-
tively. The arctic data do not extend to a sufficient altitude to sub-
stantiate this isopycnic layer. The winter to summer variation as shown
by the subtropical pair of curves is so small that the second isopycnic
layer is not sharply defined by these data. The winter to summer tropi-
cal variations are even smaller and were omitted from this composite
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graph to reduce the confusion. This graph also shows the seasonal de-
pendence of the mesospheric density to vary strongly with latitude with
variations of at least 460 percent from the mean for the arctic decreas-
ing to about 45 percent from the mean for the subtropic. Above the meso-
pause the picture is confused, with subarctic winter and summer graphs
crossing at 102 and at 117 km. The simple tulip-shaped seasonal-
latitudinal model suggested in the 1966 U.S. Supplement to the Standard
Atmosphere [25] is not substantiated by these curves.

It should be noted that while each of the curves of this figure
represent data from any time of day and hence comprise a kiqﬂjof diurnal -
mean sample, the arctic curves are far from representing such a mean.

In accordance with the definitions of day, night, and transition period
used in this study, almost no summer nighttime data exist for the arctic.
Similarly almost no winter daytime data exist for the arctic, thus the
two arctic curves really show the difference essentially between winter
nighttime and summer daytime data.

The second composite figure depicts the variation between annual
mean daytime and annual mean nighttime density altitude profiles for
various latitudes., A first isopycnic layer near 10 km altitude is
strongly suggested by a downward extension of the two arctic curves.
Again the mesospheric density variability is greatest for the arctic
region and becomes smaller with decreasing latitude to the mid-latitude
region at which point no further decrease in variation is seen. A mini-
mum variation of about +7 percent from the mean is observed for the
tropics. In this figure the subtropical curves were omitted to reduce
the confusion.

The large diurnal variations shown for subarctic and arctic curves
are somewhat misleading for reasons discussed above. While these curves
in principle represent annual mean data, the arctie night data are al-
most entirely for summer. This situation also prevails but to a lesser
extent for the subarctic data. Thus while the small diurnal variations
of density shown for the lower latitudes are truly a diurnal effect,
the larger values at higher latitudes are based with a seasonal influ-
ence.

The two composite figures would undoubtedly show improved results

with larger sample size, a normalization for the influence solar flux,
and an improved smoothing function.
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APPENDIX A

ALTITUDE PROFILES OF THE CORRELATION
COEFFICIENT BETWEEN SOLAR FLUX AND
ATMOSPHERIC DENSITY
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C PROGRAM TO CORRELATE DENSITY WITH 10+7-CM SOLAR FLUX
€ COMBINES DATA INTO FOLLOWING TYPES OF CELLS) (5,51,3) (5451)
C (55151) (15153) (154510 AND (151511
€ Pe MORGENSTERN __ 6/29/67
DIMENSION SD(10,6),SDD(10+6)sSSOL(1056)2SSOLL(106)sSFLUX(10+6)
DIMENSION SFLXX (10s6)»SDSOL(10+6)5SDFLX(1056)sN(106)
BEGIN_TRACE

EXECUTE PROCEDURE 2000
4 READ 101sIHT23D»SOL sFLUXsILATsISEA2,ISEA3,IETR
101 FORMAT(I45E10e4935X2F3e096XI146X211,9X11)

. SQUARES AND CROSS-PRODUCTS = _ .
8 SIGD=D*D «

SIGSL=SOL*SO0L
SIGFX=FLUX*FLUX

______ covbs=bD*sOL
COVFS=D*F LUX

B STRATIFY DATA By SEASON AND TIME OF DAY
11=1SEA3

IF(ILAT)30+30431
30 ILAT=ILAT+1

EXECUTE PROCEDURE 10
IF(ISEA2)20920s11 -
11 Ti=IseA2
EXECUTE PROCEDURE 10
20 TI=IETR+5

EXECUTE PROCEDURE 10

11=10
___ _EXECUTE PROCEDURE 10 =
GO TO &
c SUMMATION»SUMMATION OF SQUARESs AND
C SUMMATION OF CROSS—PRODUCTS
2 BEGIN PROCEDURE_10

N{ITIsJJ)=N(I1,JU)+1
1 SD(II14JJ)=SD(I1,JJ)+D

SDD(IIsJJ)=SDD(IT+sJJ)+SIGD

‘o SSOL(I19JJ)=SSOL(II9JJ)+SOL
SSOLL(ITsJJ)=5SOLL (IT+JJ)+SIGSL
i o _SFLUX(I1sJJ)=SFLUX(ILsJ0)4FLUX
_____ SFLXX(IT4JJ)=SFLXX(IT4JJ)+SIGFX
s . SDSOL(I11,JJ)=SDSOL(IIsJJ)+cOYVYDS
. T SDFLX(IT4JJ)1=SDFLX(IT+JJ)Y+COVFS
, END PROCEDURE 10
C COMPRESSION ACROSS LATITUDE BELTS
- 6 DO 33 11I=1,10
______ po 3% JyJ=iy ~ - F""""""">">"—=-—"""""—"""7"
s N(IIs 6)=N(IIs 6)4+N(IIsJJ)
, T T T SD(I1y 6)=8D(II, &Y+SD(IT, Uy ~ —~~—~——~~——~——~"~———"———/—~"—7/"7/—/—/ 77
. SDD(I1, 6)=SDD(I1, 61+SDD(I1sJJ)
SSOL(IIs 6)=SSOL(IT, 6)+SSOL(II,JJ)
C SSOLL(IIy 6)=SSOLL(IIs 6)+SSOLL(IIsJJ) B
______ SFLUX(ITs 6)=SFLUX(ITs 6)Y+SFLUX(TT,JuY ~~— — ———— ——— 7/ 77—
. SFLXX(IIs 6)=SFLXX(IIs 6)+SFLXX(II4JJ)



SDSOL(Ils 6)=SDSOL(Ils 61+SDSOL(II4JJ)
33 SDFLX(IIs 6)=SDFLX(IIs 6)+SDFLX(II,JJ)

DO 711=1,10

IF(N(II»JJ)=3)749s9

_____ 9 EN=NGII,JQ)

XSD=SD(I1sJJ)
XSSOL=SSOL(II,JJ)

ENN=EN**2
STGD=SQRTF ( (EN¥SDD (115 JJ)-XSD%%2) /ENN]
SIGSL=SQRTF((EN*SSOLL(I1I1,sJJ)-XSSOL**2)/ENNY

SIGFX=SQRTF ((EN*SFLXX(II+sJJ)=XFLUX¥*%2)}/ENN)
COVDS=(EN*SDSOL (11 4JJ)=XSD*¥XSSOL)/ENN

RHODS=COVDS/{SIGD*SIGSL)
RHODF=COVDF/(SIGD*SIGFX)
C CALCULATE CELL CODE

LAT=JJ

GO TO 14
23 1J=0
JI=0

18 PUNCH 103sIHT1ls LATsIJsJIsRHODSsRHODF sN(IIsJJ)
103 FORMAT(14+312+,2F64314)
7 CONTINUE

END TRACE
GO 7O 8

___ ____ BEGIN PROCEDURE 2000 ..

DO 51I=1,10
DO 5JJ=1+6

SD(I1+JJ)=060
SDD(I1,J4J1=0.0
SSOL(I1+JJ)=0e0

SDSOL(I144J)=0e0
5 SDFLX{I1sJJ)=0e0
END PROCEDURE 2000
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C DENSITY AND 107 SOLAR FLUX
C JEAN M. HARRISON < )
C

7 T DIMENSION ALT{90),SFI(90),SF2(90)sNF(90Y ~— 77

DIMENSION SEAS1(9)sSEAS2(9),5EAS3(9)
DIMENSION DIA1(31,DIA2(3),DIA3(3]1,DIA4(3)
DIMENSION XL1(7)sXL2(7) sXL3(7)sXL&(T)
______ BEGIN TRACE ~ T T T
DO 65 1=1,9
T 65 READ 66sSEASI(11sSEAS2(I),SEAS3(IY)
66 FORMAT (4A5)
DO 67 I=1»3
67 READ 66sDIAL(I)4DIA2(1)sDIA3(I),DIA4(])
- b0 69 1=1,7 T oo oo Tm o e
69 READ 66sXL1(I)sXL2(I)sXL3(I)sXLA4(I)
2 FORMAT(I19F3e091XI11521252F63,514)
20 DX=2+54001%10+7100.

DY=e2%254001/100,

i NY=—1e /DY
PUNCH 10051911006900+2259300sNXsNY
NSF1=0

DO 38 J=1,2
33 DO 21 1I=1+90
) NLATO=NLAT

NDIAO=NDIA+1
. T T T T TREAD ZsIDSALT(ITSNLATSNSEASNDIASSFITITSF2TNSNFTIT — — —— — —— —
IF(ALT(I)~40e) 32521421
32 1=1-1
' o IF(ID-1) 21522421

o c PRECEEDING DAY SOLAR FLUX WILL BE IN BLACK
T DOTS. ,

- ENSF 1=ENSF 1¥DY
NSFI=(SFI(KJ /2« +ENSF172+7/DY
IF (NF(K)=4)23519519

P = — Tg PUNCH T0033sNALTSNSFT ~— — ——~ ~~ — — ——————
s 23 CONTINUE -
e PUNCH 10052541501 — — — — — —— — T T T e e
R C SAME DAY SOLAR FLUX WILL BE IN RED CROSSES.
DO 24 K=1lsl
bos NALT=ALT(K) /DX
ENSF2ENSF2 T T T T T e e e e



g

NSF2=(SF2(KJ)/2e+ENSF2/2) /DY
IF(NF(K)=-4124518,18

18 PUNCH T00s3sNALTNSFZ

24 CONTINUE

- “THE FOLLOWING STATEMENTS THROUGH STATEMENT 3C
C PLACE THE FREQUENCY AT ALTITUDE INCREMENTS
- oFIoKM T~~~ ———

NY=1e1l/DY
DO 30 K=1,1
C LOCATE ALTITUDE OF MULTIPLES OF TEN

PUNCH 10094 sNXsNYs00
PUNCH T7sNF (K]

30 CONTINUE
IF(ID-1)38+17,38
-~ "3 CONTINNET 7" ~F7~—F—7#""+"71 —7——rmr 71—
C THE FOLLOWING STATEMENTS TO STATEMENT 29
C PLACES THE RED GRID AROUND THE GRAPH.
17 PUNCH 100+2501,01

Y==1el

po 2% k=12 ~ ~~ ~ ~—~ ~~—~—~—+—  ~"FF+~"+F—7/"/—F"—/ /"

Y=Y+el

NX=X/DX

NY=Y/DY

T T T 25 PUNCH 100s3sNXeNY — T —— —~——~—— 7/ /7
DO 26 K=1+18

NX=X/DX
NZ=-1+/DY
PUNCH 100s3sNXeNY

Yzm]loal

- ~P™®"wo22rxk=tsz2y —+—~—7 ~—F—Wf - >—f——7"m"rro+77r7rr
Y=Y+el
NY=Y/DY

27 PUNCH 10093 sNXsNY

PUNCH 10054 sNXsNs»OO
C ABCISSA LABEL
PUNCH 3
T T T T 3 FORMAT(IIHALTITUDE~KMY ~— ~ ~ ~ ~ ~ ~— ~———~——— oo/ o/
C LOCATE ORDINATE LABEL

NX=164/DX
PUNCH 100s&49sNXsNsID
C ORDINATE LABEL

4 FORMAT(17HCORRELATION COEFF)
e TLTOCATE FREQUERNCY LABEL — — — ————— — —— ——
NY=1.10/DY
NX= 5e¢/DX
PUNCH 100+49sNXsNYs 00




6

FORMAT(11HNOe SAMPLES)
THE STATEMENTS UP TO 50 LOCATE AND LABEL THE

ABCISSA SCALE.
NY=-1lel/0YV
bo 50 K=1s10

X=X4+20e
IF(K=4) 34435436

X=X~1s0
IF(K=T7) 34437434

PUNCH 10034NXGNY,00  ~ —~  —~ ———— T T T
L=20%#K+20

PUNCH 7oL
FORMAT(14)

NX=28e/DX

Yzw~]eb
DO 61 K=1s5

Y=Y+es —
NY=Y/DY

52

PUNCH 10094 sNXsNYs0O . !
FORMAT(F4.1} !
Yzl o0+ {(XK-la)%*e5

NY=~le4/DY

62

PUNCH 1004 sNXsNYs00O !
PUNCH 40

NX=79e /DX

T T PUNCH 100s4sNXsNYsO0O e P

FORMAT(38HCORRELATION OF DENSITY WITH SOLAR FLUX) !

PUNCH 62
NX=53e /DX

ISEASZ(NSEAO)9SEA53(NSEAO)aDIAl(NDIAO)9DIA2(NDIAO)9DIA3(NDIAO)aDIA4(NDlAO)

63

FORMAT (4A5s 2X3A533X4A5])

NY=~1e7/DY |
PUNCH 100s4sNXsNYsOCO ~— b
PUNCH 64

PUNCH 10046

GO TO 20

END TRACE -

ENo~—~———/7""7""""—""""—" S
43 -




